Water availability is one of the fundamental drivers for biological activities and terrestrial carbon cycling.
Introduction
Soil respiration, the primary process by which CO 2 assimilated by plants returns to the atmosphere [1] , is one of the major components of the terrestrial ecosystem carbon (C) cycle [2] . Previous researches have shown that this process is influenced by environmental factors [3, 4] . Soil temperature and moisture conditions are generally identified as two major factors that are closely related to soil respiration [5, 6] .
A rapid pulse of CO 2 efflux following precipitation has been observed in many ecosystems [1] , resulting from rapid microbial growth and mineralization of accessible soil organic content including dead microbial biomass [7] . While the presence of CO 2 efflux is consistent for the studied ecosystems, the response magnitudes of respiration vary among ecosystems due to different vegetation characteristics, soil structure, and nutrient conditions. In the forest-grassland transition zone of the Loess Plateau, precipitation results in 1.6 times increase in soil respiration for oak forests [5] . However, CO 2 efflux increased up to 30 times after experimental rewetting in Sonoran desert ecosystem [1] . Pulse magnitude of CO 2 is also sensitive to the amount, timing, and intensity of precipitation. Munson et al. [8] finds that total C loss and duration of elevated CO 2 flux increased with elevated precipitation amounts in a short grass steppe. Heterotrophic respiration is considered to reach an asymptote with increasing precipitation size because of the short lived microbial activity [7, 9] , but larger precipitation events are needed to initiate autotrophic respiration due to deeper distribution of root system [1] .
Numerous studies conducted in arid and semiarid ecosystems (pulse-driven systems) [4, 7] , have addressed the precipitation effects on soil respiration and soil C stocks as well as corresponding microbial activity [1, 5, 7, 10, 11] . Although soil water availability is not a limiting factor in humid and semi-humid areas, soil respiration may also be triggered by the discrete rainfall events. The cumulative triggered flush of CO 2 of forests is likely contribute more to atmospheric CO 2 concentration due to its greater C input and higher occurrence of precipitation events compared to that in arid and semiarid landscapes. For example, Xu et al. [12] finds that the amounts of C lost, in association with summer rain events, are greater at the sites with higher primary productivity and soil C content.
In addition, spatial heterogeneity of soil respiration is likely greater than that in grassland and cropland due to its higher heterogeneities in topography and plant distribution. For example, it has been reported that overstory coverage, species and size class can cause variations in plant interception, especially for a small precipitation event [10, 13, 14] . Therefore, the responses of soil respiration to precipitation in forest ecosystem may largely depend on the tree species and canopy conditions, which is an important regulator of the pulse size due to its biological and physical effects on soil biotic and abiotic factors. However, how frequent fluctuations in precipitation influence soil respiration in forest ecosystems has not been evaluated to the same extent as in semiarid and arid ecosystems [5] .
Extreme weather is happening frequently as a result of climate change [15] . Drought does not occur only in arid and semiarid ecosystem any more, it may take place widely in terrestrial ecosystems [16] [17] [18] . For the forests, episodic precipitation inputs could impact the photosynthetic and respiratory activity of plants [14] as well as the soil respiration, including respiration by plant roots and from heterotrophy [5, 7] . Thus, 
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Site description
The study site located at Baotianman Forest 
Results
Soil temperature and moisture
Soil temperature without precipitation (0 mm) was higher than those following different precipitation events for all canopy conditions (Fig. 1a) . All precipitation events significantly decreased soil temperature under PS, PL, QS, QL, and FG ( Soil volumetric water content (SVWC) was extremely low in all four canopy conditions without precipitation events (0 mm, all < 6%, Fig. 1b) .
Precipitation led to remarkable increases in SVWC for all canopy conditions (Table 2, P < 0.0001). Similar to soil temperature, the SVWC of FG was consistently greater than those beneath the canopies (Fig. 1b) . The SVWC for small size classes was significantly higher than larger classes (Table 2 , P = 0.0003). In addition, broadleaved species had a higher SVWC than coniferous species (Table 2 , P = 0.0461). There were significant effects of precipitation × size class interactions on SVWC (Table 2，P=0. for QS to 2.99 μmol m -2 s -1 for QL, with significant differences between QS and the other four types (P < 0.05).
Besides, QL had a significantly higher soil respiration than that of PL and FG (P < 0.05, Fig. 2 ).
To compare the changed magnitude of soil respiration following different precipitation events, increased soil respiration was calculated based on the soil respiration without precipitation (Fig. 2) .
Precipitation caused significant increases in soil respiration ranging from 6.0% to 35.3%
( Diurnal response of soil respiration to precipitation For forest gap, there was a relatively stable emission of soil respiration until the precipitation began. Soil respiration was triggered and generally increased for 1.5 hours after the precipitation (Fig. 3 ).
Soil respiration reached its peak value of 4.83 μmol m -2 s -1 3 hours after the rainfall，which was 1.68 times higher than the average soil respiration before rainfall event. Compared to the soil respiration investigated on clear day, up to 20% increases during the same period were observed due to precipitation pulse. Duration of stimulated soil respiration lasted 3 hours and then gradually reduced to pre-rainfall level.
No significant decline of soil temperature was observed during the diurnal pattern; however, its peak value was moved up about 3.5 hours later compared with that on a clear day (Fig. 3) .
Beneath the forest canopy, soil respiration increased dramatically following the precipitation pulse, reaching peak value of 3.96 μmol m rainfall event, which is 1.63 times greater than the average soil respiration before rainfall event. Stimulated soil respiration gradually declined to pre-pulse level after 1 hour duration and then continuously reduced to a lower level partly due to the significant decrease of soil temperature (Fig. 4) .
Discussion
Several studies have reported the response of soil respiration to precipitation pulse in a variety of ecosystems [1, 7, 14, 20, 21] , most of which show an increase in soil respiration following rainfall events [1, 5, 8] . Inconsistent with our study, significant decreases in soil respiration after rainfall has been reported in other studies [22] [23] [24] . In this study, elevated soil respiration was observed following precipitation events, but the increment of soil respiration was lower in 24.19 mm precipitation event than moderate rainfall events. Similar to the predictions by Huxman et al. [7] , an increase in pulse magnitude from 12 mm to 39 mm did not elicit a larger or longer-lasting soil respiration during precipitation [13] .
Most studies attribute this to a the rapid up-regulation of soil microbe activity and physical displacement of CO 2 from soil pores following shallow soil wetting [1, 13] .
Because pore space in soil and litter can store CO 2 roughly equal to a day's production, emptying or filling the pore space may enhance or diminish the measured flux relative to biological production [24] [25] [26] .
Additionally, Gu et al. [27] indicated that short term loss of soil CO 2 is enforced by a small, rapidly turning over pool of labile organic matter.
Effects of soil temperature on soil respiration
It is broadly accepted that soil temperature and moisture play important roles in soil respiration. Linear regression is used in order to compare the differences in sensitivity of soil respiration between species and size classes to temperature (Fig. 5a, c) . The magnitude of the linear regression slope is interpreted as a quantification of soil respiration sensitivity to temperature [5] . For coniferous species, a greater slope in small size class suggests that soil respiration is more sensitive to temperature beneath the canopies of small size trees than large ones (Fig. 5a ). Conversely, variability in sensitivity is not significant for broadleaved species with an ignorable higher value in large size class (Fig. 5c ). Broadleaved species show relatively greater temperature sensitivity compared to coniferous species.
Similar to the results by Xu and Wan [28] and Shi et al. [5] , a negatively linear relationship between soil respiration rate and soil temperature has been observed beneath the canopies (Fig. 5a, c) and in forest gap (Fig. 6) . The finding implies that negative effect of temperature on soil respiration could be expected during dry seasons [28, 29] , which is different from other studies [20, 30, 31] .
Effects of soil moisture on soil respiration
The relationships between soil respiration and soil moisture were fitted by polynomial functions, which suggest a significant effect of soil moisture on soil respiration, especially for spots with large trees (PL, P=0.00514; QL, P=0.0368; Fig. 5b, d ). This may partly explain why the spots beneath the canopy of large size classes have a higher value of soil respiration.
Increased soil moisture following rainfall events causes a positive increase of soil respiration at an earlier stage, which is mainly attributable to the increase of microbial activity [25, 32] . However, this tends to decline with the continuously rising soil moisture and declining of soil temperature [1] . This is in accord with a report indicating that soil water content is negatively correlated with soil respiration at moderate to high water contents [1, 22, 33] , probably due to an evolution adaptation of soil microorganism to a long-time mean meteorological situation [22] .
Moreover, it has long been established that rates of aerobic processes in soils increase with water content up to the point at which activity becomes limited by diffusion of oxygen through water-filled pore spaces [34] . Many previous studies reported similar results as this study and found that approximately 60% of water holding capacity to be the threshold at which soil respiration begins to decline with increasing soil water content [5, 35] .
Small size class of two species had relatively lower soil temperature and higher SVWC than large classes following each event. We attribute this to its smaller canopy width and crown depth ( Diurnal patterns of soil respiration show rapid increase and gradual decline after reaching the peak value after 1-1.5 hours following a precipitation pulse.
It is because that substrate limitation following rewetting constrains the duration of microbial respiration and thus total CO 2 production [1] .
Implication for C cycling
Although pulses of soil respiration following rainfall are small in relative to the annual loss, they play an important role in ecosystem C balance due to high occurrence frequency in the forest ecosystems. It is estimated that almost 60% of precipitation events fall below 5 mm based on the precipitation data from 2009 to 2010 in this region (Table 3) , which is suggested as a lower threshold for plant response to rainfall [36] .
According to this threshold, therefore, about 60% of the events are too small to induce plant responses, but are sufficient to elicit microbe-based CO 2 losses. In contrast to water-limited ecosystems, the number of precipitation events is higher than in water-unlimited region with higher pre-rainfall soil respiration. It means that more precipitation pulse occur and a greater soil In addition to the measurements of diurnal patterns of two collars, we did not keep continuous measurement for all soil respiration, which may lead to the overestimation of our result.
Conclusions
In a temperate mixed forest in Central China, we found that episode precipitation events have significant influences on soil respiration, although water availability is not a limiting factor in this ecosystem. Soil 
